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Laboratory Investigations 

Metabolic events with 
spontaneous malignant 
hyperthermia crisis in an 
anaesthetized pig 

Purpose: To analyze metabolic changes associated with a fulminant malignant hyperthermia (MH) crisis devel- 
oped spontaneously in an MH susceptible pig which was part of 12 pigs undergoing metabohc investigation (s~x 
MH susceptible and six controls) and had been anaesthetized with a non-triggering agent (pentobarbitone). 

Methods:  The pig was placed in a cradle and then inserted into a 4.7 T magnet bore. The semi-membranosus 
muscle was submitted to three repetitive stimulataon-recovery sessions. 31-P magnetic resonance spectra and 
mechanical data were recorded. 

Results: The pig developed a non-rigid MH crisis during recovery from the second set of experiments. Although 
no mechanical work was performed, dramatic metabolic changes were noted. Twitch tension decreased pro- 
gressively reaching zero while mouth temperature continuously increased to 44.5~ Phosphocreatine (PCr) con- 
sumption was coupled to Pi accumulation. Also, a marked intracellular acidosis and a large accumulation of 
phosphomonoesters (PME) were observed, probably as a result of massive glycolysis activation. Interestingly, ATP 
level remained constant. 
Conclusion: These irreversible mechanisms may constitute a metabolic dead-end coupling calcium pumping 
ATP-consuming processes and ATP synthesis through PCr breakdown and anaerobic glycolysis. They do not dif- 
fer from metabolic changes previously reported in rigid for'ms of MH crisis. 

Objectif  : Analyser les changements m&aboliques associ& fi une crise d'hyperthermie maligne fulminante (HM) 
spontan~e survenue chez un porc sensible faisant partie d'un groupe de 12 porcs soumis ~ une ~tude 
m~tabolique (six HM sensibles et six contr61es) et anesth&i& avec un agent non d6clenchant (le pentobarbitone). 
M&hodes  : Immobitis~ darts un panier, le porc a ~t~ ins~r~ dans un champ magn&ique de 4,7 T. Son muscle 
semi-membraneux a subi trois sessions de stimulations-r&up&ations r~p~t~es. Les spectres de r~sonance mag- 
n~tique 31-P et les donn~es m&aniques ont ~t~ enregistr~s. 

REsultats : Le porc a d&elopp~ une crise d'HM non rigide pendant la r&upcaration de la seconde s&ie 
d'6preuves. M~me en absence de travail m&anique, on a pu rioter des changements m~taboliques remar- 
quables. La tension du twitch a diminu~ progressivement pour atteindre z&o alors que la temp&ature orale aug- 
mentait ,~ 44,5~ La consommation de la phosphocr~atinine (PCr) &ait coupl& a I'accumulation de Pi. En outre, 
on observait une acidose intracellulaire importante et une forte accumulation de phosphomonoesters (PME), 
r6sultats probables d'une activation massive de la glycolyse. II est int&essant de mentionner que le niveau d'ATP 
est demeur~ constant. 

Conclusion : Ces m&anismes irr~versibles peuvent constituer les processus m~taboliques terminaux con- 
sommateurs d'ATP du couplage de la pompe calcique et de la synth&e par d6gradation de PCr et glycolyse 
ana&obique. IIs ne sont pas diff&ents des changements m&aboliques ant&ieurement observes pendant les crises 
d'HM avec rigidit& 
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S 
INCE the first description of  the malignant 
hyperthermia (MH) syndrome in pigs, 1 sever- 
al reports have addressed the metabolic and 
physiological conditions associated with 

MH. 2-7 Various effectors have been used to trigger an 
M H  episode, including pharmacological agents such 
as succinylcholine, halothane or both, and heat. 2,s 
Metabolite concentrations have been measured in 
blood, on muscle biopsies or using less invasive meth- 
ods such as 31-phosphorus magnetic resonance spec- 
troscopy (MRS). s The physiological signs of  MH have 
been related to variations in body temperature associ- 
ated with muscle rigidity, hyperventilation, changes in 
heart rate, PO2, PCO2, pH, enzyme and ion blood 
concentrations. 4,9,~~ From a metabolic point of view, 
phosphocreatine (PCr) breakdown associated with 
sugar-phosphate accumulation has been reported as a 
sign of metabolic hyperactivation, s However, no data 
are available on the metabolic and mechanical changes 
associated with a spontaneous non rigid porcine MH 
crisis. In the course of  a study designed to investigate 
metabolic and mechanical characteristics of MHS 
muscles of  pigs in vivo, using a standardized experi- 
mental protocol, one of  six MHS pigs under study 
developed a spontaneous and fatal non rigid M H  cri- 
sis. Although our results pertain to a single pig, we 
fotmd it interesting to report the metabolic and 
mechanical alterations recorded throughout a non 
rigid, spontaneous porcine MH crisis in order to pro- 
vide data which, so far, have not been available. 

Methods 

Animals 
This study was approved by the local Animal 
Investigation Committee. The animal that developed 
the MH crisis was a piglet from a synthetic line relat- 
ed to Pietrain. He was previously tested as MH sensi- 
tive by halothane inhalational challenge (halothane 
3%, five-minute test period) and his weight was 28 kg. 
Fifteen minutes after sedation with 20 mg-kg -I keta- 
mine, anaesthesia was induced with 7.5 mg-kg -I sodi- 
um pentobarbitone iv. After tracheal intubation, the 
lungs were ventilated using an automatic spirometer 
(Pesty-Technomed SA, Aubervilliers-France) and 
deep anaesthesia was maintained by pentobarbitone 
boluses iv. The skin of  the posterior leg was surgically 
removed and the semimembranosus muscle surface was 
exposed. A homebuilt double tuned (31-P and l -H)  
surface coil was positioned over the muscle. 
Stimulation electrodes were impaled into the muscle 
mass. The distal muscle tendon was cut at the bone 
level and connected to a mechanical transducer with a 
non extensive halyard. Temperature probes were 
inserted into the muscle and deeply into the piglet 

mouth. The piglet was then placed in a non magnetic 
cradle and inserted into the magnet bore in order to 
position the surface coil at the magnetic centre. The 
same experimental device and protocol were used for 
12 piglets (six MH sensitive and six controls). 

Acquisition of magnetic resonance spectra 
Magnetic resonance experiments were conducted in a 
30 cm bore 4.7T horizontal magnet equipped with a 
Biospec spectrometer (Bruker-Biospec 47/30) .  A 3 
cm-diameter homebuilt surface coil was positioned 
over the muscle mass. The coil was tuned and 
matched for 1-H (200.14 MHz) and 31-P (80.9 
MHz) outside the magnet. Optimization of  the field 
homogeneity was performed on proton free induction 
decay (FID) of  water and fat signals. 31-P FIDs were 
accumulated, following 100 ~asec radiofrequency puls- 
es, in blocks of  30 scans with a repetition time of  two 
seconds. Electrical stimuli were gated in order to be 
applied during the delay separating sequential MRS 
acquisitions. 

Processing of magnetic resonance spectra 
To improve the signal-to-noise ratio, blocks of  30 
scans were added in groups of  two before Fourier 
transformation giving a time resolution of  two min- 
utes. Signal areas were measured by integration of  the 
respective resonances with the AUTOCAD software 
(1989 Autodesk AG, version 10.0 IBM PC) after dig- 
itization on a Schlumberger-Benson 6453 digitizer 
(Cr&eil-France). The perimeter of  each signal was 
defined and fitted with at least 10 data points. Relative 
concentrations of  adenosine triphosphate (ATP), 
phosphocreatine (PCr), inorganic phosphate (Pi) and 
phosphomonoesters (PME) were calculated after cor- 
rection for partial saturation. Saturation factors were 
calculated comparing the partially saturated spectra 
recorded using a twenty sec repetition time. Results 
were expressed as % of PCr surface measured at rest 
(100%). Intracellular pH was calculated from the 
chemical shift of  the Pi signal relative to PCr at -2.45 
ppm with respect to 85% H 3 PO4. n 

Temperature measurements 
Temperature was recorded from two platinum probes 
(PT 100, Bioblock Scientific, Illkirch, France) placed 
deep in the mouth and in the muscle. Another probe 
was positioned in the cradle in order to follow the 
ambient temperature inside the magnet. All probes 
were connected to a Macintosh II Apple Computer 
(Cupertino, USA), through an Analog Device 5B 
interface I (Issy les Moulineaux, France). Temperature 
measured deep into the mouth was considered as an 
index of  central temperature. 
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Mechanical records 
Twitch tensions were elicited by electrical stimulation 
(50 v, 100 mA, 2 msec) of  the muscle mass delivered 
by a stimulator (WP Instruments Inc. model 302, 
New Haven, USA). Tensions were recorded with a 
Sedeme AG-20 daN mechano-transducer (Les Ulis, 
France) interfaced to a Macintosh II computer. 
Maximal twitch tension was reached by gradual 
increase of  the muscle length and experiments started 
when the resting muscle tension was stable. 
Mechanical work was elicited by trains of  supramaxi- 
mal stimulations at 0.1 Hz and 1 Hz successively. 

Fatigue test 
Once the resting tension was stable, the 40 min fatigue 
test was started. Supramaximal stimulation was deliv- 
ered first at a frequency of  0.1 Hz for 10 rain, then at a 
frequency of  1 Hz for 10 min and 20 min recovery was 
allowed. The test was repeated three times. The dura- 
tion of  the protocol was 135 min while the animal was 
maintained under deep anaesthesia. 

Results 
We will mainly describe the chronology of  metabolic 
and mechanical events surrounding the non-rigid M H  
crisis developed by one of  the MHS pigs during the 
second fatigue test. A typical series of  31-P MR spec- 
tra recorded on this pig is presented in Figure 1. The 
corresponding time-dependent evolutions of  phos- 
phorus metabolites and pH are presented in Figures 2 
and 3. During the three fatigue tests, the sum of  all 
phosphorylated compounds detected on the spectra 
remained constant suggesting that metabolic changes 
were directly linked to muscle stimulation and not sec- 
ondary to possible changes in spin-lattice relaxation 
times of  the 31-P nuclei borne by the phosphorylated 
metabolites (Figure 3). The metabolic data recorded 
on the pig which underwent the MH crisis compared 
to controls are summarized in Table I. 

Eirst fatigue test 
At the beginning of  the first fatigue test, maximal 
twitch tension was 4 kg (Figure 4). Intracellular pH 
was neutral as expected (Table I) and muscle temper- 
ature was close to 37~ (Figure 5). During stimula- 
tion, although the signal from the muscle temperature 
probe was altered by electrical currents triggering 
muscle stimulation, we noted that muscle and mouth 
temperature varied in the same way based on the mea- 
surements performed between the stimulation pulses. 

During 0.1 Hz stimulation, PCr level did not vary 
whereas an intramuscular alkalosis from 6.99 to 7.04 
was recorded. The mechanical profile did not change 
(Figure 4). Larger metabolic changes were recorded 
th roughout  the 1 Hz  stimulation period. 

FIGURE 1 Typical 31-P MR spectra recorded throughout the 
three fatigue tests from the semimembranosus muscle of the pig 
which underwent a MH crisis. Resonances are assigned as follows: 
1: phosphomonoesters (PME), 2: inorganic phosphate (Pi), 3: 
PCr, 4,5 and 6: 6, a aald f~ phosphate groups of ATP. 

Phosphocreatine consumption was 61% of  the initial 
level and a 0.4 pH unit decrease was recorded 
(Table I). Twitch tension (Figure 4) was reduced con- 
trary to that observed for control animals. 

The accumulation of  PME was maximum corre- 
sponding to 3.7 times the initial level at the end of  the 
1 Hz stimulation period. The ATP level remained 
constant throughout the first fatigue test. Muscle tem- 
perature hovered between 37 and 38~ This first 
fatigue test did not reveal any differences among all 
pigs, although a trend towards a larger amplitude of  
the metabolic variations was found for the pig which 
subsequently developed the M H  crisis. Recovery to 
the initial levels was observed during the resting peri- 
od between the two first fatigue tests. 

Second fatigue test 
The magnitude of  PCr and pH changes during the 0.1 
Hz and 1 Hz stimulation periods were similar to those 
recorded throughout the first fatigue test (Table I). 
During the 1 Hz stimulation period, the muscle tern- 



760 CANADIAN JOURNAL OF ANAESTHESIA 

FIGURE 2 Time-dependent evolution ofPCr, Pi (top) and 
PME (bottom) contents throughout the three fatigue tests for the 
pig which underwent an MH crisis. The arrow indicates triggering 
of MH crisis. PCr profiles are shown in black circles and open 
squares designate Pi. 

FIGURE 3 Time-dependent evolution ofpH (top) and the sum of 
all phosphorylated metabolites (bottom) i.e., PCr, Pi, ATP and PME 
(black circles) and the ATP content (white squares) throughout the 
three fatigue tests. The sum remains constant throughout the experi- 
mental protocol. The arrow indicates the triggering of MH crisis. 

peraturc increased abnormally, reaching 38.8~ This 
upward trend continued during the following 20 min 
of  rest. Two large temperatm:e jumps were noted 
throughout  the recovery period; at the 9th min of  
recovery (from 39.5 to 40.6~ and at the last min of  
recovery (from 40.9 to 43~ After an initial recovery 
of  Pi and PCr levels during the first two minutes of  the 
recovery period, an abnormal build-up of  Pi coupled to 
PCr breakdown was recorded whereas control animals 
recovered towards the resting level. At the same time, a 
marked intracellular acidosis was observed reaching a 
p H  of  6.45 at the beginning of  the third fatigue test. 
During the second half o f  the recovery period, a tran- 
sient contracture corresponding to 25% of  the maximal 
twitch tension was noted (Figure 4). 

Third fatigue test 
When the last fatigue test was triggered, the animal 
temperature reached 44.5~ and remained at this level 

until death. The twitch tension was reduced to 36% of  
its initial value and was close to zero at the end o f  the 
1 H z  stimulation period. Intracellular p H  and PCr 
continuously decreased. On the contrary to what was 
observed throughout  the first two fatigue tests, a large 
acidosis (pH = 6.38) was noted during the 0.1 FIz 
stimulation period. At the end of  1 H z  stimulation, 
the p H  value was 6.21 and PCr level was 6% of  the ini- 
tial level. The PME accumulation was biphasic, first 
reaching about eight times the initial level after six 
minutes of  stimulation at 0.1 Hz ,  then, decreased 
quickly until the beginning o f  the 1 H z  stimulation 
period: PME accumulation was maximum at the end 
of  the test (Table I). Surprisingly, ATP concentration 
remained unchanged. All metabolic variables con- 
curred to pinpoint the 6th minute in the second 
recovery interval as the starting point o f  the M H  cri- 
sis in this susceptible pig. 
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TABLE I Metabolic parameters recorded throughout the three fatigue tests for the six control pigs and the pig which developed the 
MH crisis. 

i st 

fatigue 
test  

2rid 

fatigue 
test  

3rd 

fatigue 
test  

Rest 

PCr 100 [100 • 0] 
pH 6.99 [7.00 • .01] 

ATP 22.8 [23.6 • 2.3] 
PMEr 6.8 [5.4 • 2.5] 
mouth 37.5 [38 • .2] 

temperature 

end of O.1 Hz end of l Hz end of 
stimulation stimulation recovery 

period period period 

PCr 105 29 98 
[80 • I0] [28 • 8] [97 • 6] 

pH 7.04 6.60 6.90 
[7.00 • 0.10] [6.67 • 0.12] [6.96 • 0.05] 

ATP 92 105 108 
[96• [99• [102• 

PME/PMEr 1.9 3.7 1.6 
[1.5 • 0.5] [3 • 1] [1.2 • 0.5] 

mouth 37.1 37.9 37.7 
temperature [38.5 • .1] [38.2 • .5] [38.2 • .3] 

PCr 95 31 29 
[70 • 71 [24 • 13] [87 • 6] 

pH 6.85 6.65 6.45 
[6.98 • 0.05] [6.85 • 0.1] [7.1 • 0.1] 

ATP 104 88 92 
[97• 7] [89 • 101 [95 • 8] 

PME/PMEr 0.7 2.4 7.5 
[1.2 • 0.3] [1.9 • 0.2] [2.3 • 0.05] 

mouth 37.9 38.8 43.4 
temperature (~ [37.9 • .5] [38.5 • .4] [38.1 • .3] 

PCr 15 8 6 
[70 • 5] [37• 6] [85 • 9] 

pH 6.38 6.20 6.21 
[ZOO • 0.09] [6.85 • 0.10] [6.98 • 0.10] 

ATP 79 92 105 
[83 • 6] [90 • 4] [97 • 3] 

PME/PMEr 2.6 3.3 8.7 
[1.8 • 0.3] [2.2 • 0.4] [2.5 • 0.3] 

mouth 44.3 44.5 44.5 
temperature (~ [38.5 • .4] [38.1 • .1] [38.5 • .5] 

Control values are indicated in brackets as mean • SEM (n = 6). At rest, ATP and PMEr are expressed as percent of the PCr content 
measured at rest. Throughout the three fatigue tests, PCr and ATP values are expressed as percent of the respective values recorded at rest. 
PME/PMEr indicated the amount of PME measured as compared to the resting PME level. 

Discussion 
Direct analysis of  the sequence of events surrounding 
dais M H  crisis developed by the MHS pig while in the 
magnet of  the MR spectrometer is of  particular inter- 
est for several reasons. First, this crisis was sponta- 
neous i.e., not  triggered by a pharmacological agent 
such as halothane or succinylcholine. Moreover, it was 
non rigid, as sometimes reported in humans. The 
analysis of  such a crisis could provide information 
about the pathogenesis of  M H  episodes and the iden- 
tity of  several possible triggering factors. 

The first detectable signs of  the spontaneous and 
non rigid MH crisis were the lack of  reversibility in 
metabolic process, i.e., PCr breakdown, and intraceUu- 
lar acidosis coupled to PME accumulation at the end of  
the second fatigue test. These signs were preceded by a 
trend towards lower pH values during the second 
fatigue test which could correspond to early metabolic 
changes announcing the M H  crisis. It is noteworthy 
that energy consumption and metabolic activation were 
recorded whereas no mechanical work was produced as 
a sign of  net ATP-consuming processes. After six minutes 
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FIG U RE 4 Time-dependent evolution of the twitch tension eft the mmimembranosus muscle submitted to the three fatigue tests. A 
slight and evanescent contracture appeared during the secured recovery period. 

FIG U RE S Time-dependcnt cvtdution of mouth temperature 
thr~mghout the three |~ltigur tests. The tentperaturc was recorded 
thml a pr~be inserted deeply within the mouth of the pig and can 
Ix- ctmscquently considered as an index of the central temperature. 
l 'he arrow indicates the triggering of MH crisis. 

of rest, pH remained low at 6.6 and both PCr and Pi 
concentrations did not fbliow tile normal recovery pro- 
file. At this time, the PME signal emerged on the MR 
spectrum and the increase in temperature was continu- 
ous but ntcgtcst (0.5 to 0.8~ The MR profile already 
revealed signs of  h.vpcrmetabt~lism with an activation of  
glycol.~xic processes. The crisis developed during the 20 
rain of rest and reached its maximum at the onset of  the 
third thdgue test when electrical stimulation reduced 
the intracellular pH to 6.2, completed the depletion of 
PCr and the overshoot of Pi while increasing the animal 
temperature to 44.5~ The intracellular acidosis cou- 
pled to PME accumulation indicates massive glycolytic 
stimulation in agreement with previous results in vitro a2 

and vdth blood lactate production known as an early 
indicator of I~rcine MH crisis: Excess glycogenol.,,,sis 
leads to accumulation of PME, due mainly to accumu- 
lation of  glucose 6-phosphate and t~uctose 6-phosphate 
as a result of an imbalance between glycogen phospho- 

rylase and phosphofructokinase (PFK) activities, ts This 
activation could be mediated by the large amount of  
calcium released during MH. Indeed, halothane- 
induced MH crisis is associated with an enhanced rate 
of  calcium release due to the interaction between 
halothane and the calcium release channel. This ass(mi- 
ation stimulates metabolic processes such as ATP-con- 
suming calcium pumping and it has been shown that 
myoplasmic calcium changes were the first detectable 
signs of  a porcine malignant hyperthermia episode pre- 
ceding metabolic and clinical symptoms) 4.Is Although 
the MH crisis we describe was spontaneous, it is likely 
that the irreversible processes of  PCr breakdown and 
intracellular acidosis reflect this futile ATP-consuming 
calcium pumping cycle. Also, Pi may act as a substrate 
of  glycogen phosphorylase fbr glycogen utilization, 
accounting tbr the massive glycolytic stinmlafion. In 
addition, PME accumulation can be associated with 
uncontrolled cycling of  fructose 6-phosphate through 
PFK and fructose diphosphatase thereby leading to heat 
production. At the end of  the protocol, PCr amounted 
to 6% of the initial level and PME content reached 
about nine times the resting level in agreement ssqth val- 
ues pres4ously recorded on cryoprobe biopsies after 30 
min MH. 6 Surprisingl); and contrary to reports in man 
during exhaustive exercise) ~ ATP content remained 
constant throughout the protocol. This may explain the 
thilure to observe any contracture during the crisis con- 
sidering that ATP is necessary fbr the decomplexation 
of  cross-bridges. The relationship be~'een net ATP 
consumption and muscle rigidit T remains obscure. 
Decanniere et al. reported that four of  17 pigs displayed 
nmsde rigidit T al~er halothane-indueed porcine MH 
crisis whereas the minimum ATP level was 80% of the 
resting concentration: Also, continuous exposure of  an 
MHS pig to halothane resulted in dramatic PCr con- 
sumption, down to 10% of the initial level, associated 
with complete rigidity, and death.It Finalb; according to 
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Ryan et  al.,  rigidity occurs when intracellular calcium 
concentration is high (>1 mM) and is no more regulat- 
ed by calcium ATPases due to low level of ATP. is 

Another interesting aspect of this report is the lack 
of rigidity which accompanied the MH crisis in the 
sensitive pig. Non-rigid forms of M H  crisis are known 
in humans is and pigs. 19,2~ In our study, the same ani- 
mal displayed two different MH reactions. During the 
halothane inhalational test, the animal was classified as 
MHS as limb rigidity with contracture was observed. 
On the contrary, under anaesthesia, no rigidity was 
associated with the M H  crisis. Although no clear 
explanation can be provided at the present time, it is 
interesting to note that, at least in pigs, susceptibility 
to anaesthestics varies widely. Gronert et  al. have 
emphasized the difficulty of triggering an MH crisis 
by sevoflurane, a halogenated agent, in the presence of 
thiopentone, l~ In fact, succinylcholine is necessary to 
trigger a crisis. Also, ryanodine injection in pigs trig- 
gered a typical M H  crisis accompanied by muscle 
rigidity whereas, in the same animal, MH crisis devel- 
oped without muscle rigidity if the pig was previously 
anaesthetized with thiopentone. 21 Under our experi- 
mental conditions, the pig developed an MH crisis 
when anaesthesia had been induced and maintained by 
sodium pentobarbitone which is considered a safe 
anaesthetic. 

During this spontaneous MH crisis, the tempera- 
ture increased markedly, just after the first abnormal 
metabolic signs, reaching 43~ at the beginning of  
the third fatigue test. Thereafter, the increase was less 
pronounced despite continuous metabolic alterations. 
It has been previously demonstrated that the primary 
site of  heat production in porcine malignant hyper- 
thermia is skeletal muscle. 22 More recently, it has been 
reported that vital organs such as the liver, rather than 
skeletal muscle, were the primary sites of heat produc- 
tion occurring mainly during the initial stage of  
porcine MH. 2s On the basis of  comparative analysis of  
oxygen consumption and temperature changes during 
porcine MH, it has been shown that anaerobic metab- 
olism is the major source of heat production. 24 Under 
our experimental conditions, taking into account that 
no triggering agents were used, heat production could 
have been induced either by electrical stimulation or 
by the abrupt production of catecholamines. We had 
positioned the stimulation electrodes within the mus- 
cle mass and used low stimulation frequency in order 
to prevent any systemic hormonal reaction from 
occurring. However, the direct electrical stimulation 
of the muscle could stimulate motor and sympathetic 
nerve endings thereby increasing local blood epineph- 
rine concentrations and triggering porcine MH via 

anaerobic glycolysis activation. Based on the observed 
increase in circulating plasma norepinephrine concen- 
trations during an MH episode, several investigators 
have claimed that catecholamines are primarily 
involved in initiating the MH crisis or at least help in 
providing the proper physiological setting for MH to 
occur. 2s,26 On the other hand, it has been shown that 
hypermetabolic changes precede signs of  increased 
sympathetic activity suggesting that norepinephrine 
does not initiate nor mediate the onset of  MH cri- 
sis. 9,27,2s Epinephrine infusion of  rabbit exercising 
muscle has been shown to induce metabolic alter- 
ations which are very similar to those reported here 29 
suggesting that in our observation, heat production 
could have been mediated by local epinephrine 
increase. 

Finally, we will address the issue of increased ambi- 
ent temperature as a possible triggering factor since 
the heat produced by the pig could not be easily dis- 
sipated in the cradle where the basal temperature was 
30~ It has been reported that rectal temperature up 
to 41~ or ambient temperature of  45~ can trigger 
porcine MH. 2,s Under our experimental conditions, 
the animal temperature was only 39~ when the first 
metabolic sign of  MH was detected but ambient tem- 
perature (inside the magnet bore) was slightly elevat- 
ed (32~ It could be hypothesized that metabolic 
hyperactivation is mediated by an epinephrine bolus 
elicited by environmental factors (temperature). 

In conclusion, the increase in ambient temperature 
was likely to be the first triggering factor of the crisis. 
The ensuing hypermetabolic activation can be 
assigned to a futile-energy consuming cycle aiming at 
regulating increase influx of calcium. Epinephrine pro- 
duction was probably an additional activating factor of  
this futile cycle. It is noteworthy that the metabolic 
events reported in this study throughout a non-rigid 
MH episode are comparable to that previously report- 
ed during a rigid MH crisis in pigs. s Considering that 
the genetic defect is unique in pigs and that rigid and 
non-rigid forms have been described, it could be pos- 
tulated that rigid and non-rigid forms of  MH in 
humans (associated or not with the RYR 1 gene) 
could also be the consequence of the same genetic 
defect. It is well known that development and intensi- 
ty of MH crises in humans and pigs depend on the 
pharmacological agents used for anaesthesia. 
Combination of  succinylcholine and halothane trig- 
gered a fatal rigid M H  crisis in a member of  a MHS 
family whereas, for his brother, a MH non rigid crisis 
was recorded when anaesthesia was solely induced by 
halothane (personal communication from Dr 
Laxenaire-Nancy). 



764 CANADIAN JOURNAL OF ANAESTHESIA 

References 
1 HallLW, WoolfN, BradleyJWP, Jolly DW. Unusual 

reaction to suxamethonium chloride. BMJ 1966; 
2: 1305-15. 

2 Barrand M_A, Dauncey MJ, Ingrain DL. Changes in 
plasma noradrenaline and adrenaline associated with 
central and peripheral thermal stimuli in the pig. 
J Physiol (Lond) 1981; 316: 139-52. 

30rding  H, Hald A, Sjontoft E. Malignant hyperthermia 
triggered by heating in anaesthetized pigs. Acta 
Anaesthesiol Scand 1985; 29: 698-701. 

4 LuckeJN, Hall GM, Lister D. Porcine malignant hyper- 
thermia. I: Metabolic and physiological changes. 
Br J Anaesth 1976; 48: 297-304. 

5 Berman MC, KenchJE. Biochemical features of malig- 
nant hyperthermia in Landrace pigs. In: Gordon RA, 
Britt BA (Eds.). International Symposium on 
Malignant Hyperthermia. Springfield, Illinois: C.C. 
Thomas, 1973: 287-97. 

6 Hall GM, LuckeJN. Porcine malignant hyperthermia. 
IX: Changes in the concentrations of intramuscular 
high-energy phosphates, glycogen and glycolytic inter- 
mediates. Br J Anaesth 1983; 55: 635-40. 

7 Harrison GG. Porcine malignant hyperthermia. Int 
Anesthesiol Clin 1979; 17: 25-61. 

8 Decanniere C, Van Hecke P, Vansrapel 1:, Vill~ I-I, 
Geers R. Metabolic response to halothane in piglets 
susceptible to malignant hyperthermia: an in vivo 31- 
P-NMR study. J Appl Physiol 1993; 75: 955-62. 

9 H~iggendalJ, J~onsson L, CarlstenJ. The role of sympa- 
thetic activity in initiating malignant hyperthermia. 
Acta Anaesthesiol Scand 1990; 34: 677-82. 

10 Gronert GA, MildeJH. Variations in onset of porcine 
malignant hyperthermia. Anesth Analg 1981; 60: 
499-503. 

11 Moon RB, RichardsJH. Determination of intracellular 
pH by sl p magnetic resonance. J Biol Chem 1973; 
248: 7276-8. 

12 Kozak Reiss G, Desmoulin F, Martin CF, et al. In vitro 
correlation between force and energy metabolism in 
porcine malignant hyperthermic muscle studied by al 
P NMR. Arch Biochem Biophys 1991; 287: 312-9. 

13 Chasiotis D, Sahlin If, Hultman E. Regulation of 
glycogenolysis in human muscle at rest and during 
exercise. J Appl Physiol 1982; 53: 708-15. 

14 Louis CF~ Zualkernan K, Roghair T, Mickelson fR. The 
effects of volatile anesthetics on calcium regulation by 
malignant hyperthermia-susceptible sarcoplasmic retic- 
ulum. Anesthesiology 1992; 77: 114-25. 

15 Ryan JF, Lopez JR, Sanchez VB, Sr3ter FA, Allen PD. 
Myoplasmic calcium changes precede metabolic and 
clinical signs of porcine malignant hyperthermia. 
Aalesth Analg 1994; 79: 1007-11. 

16 Taylor DJ, Styles P, Matthews PM, et al. Energetics of 
human muscle: exercise-induced ATP depletion. Magn 
Reson Med 1986; 3: 44-54. 

17 Geers R, Decanniere C, Vill3 I-l, et al. In vivo muscle al 
P nuclear magnetic resonance spectroscopy during 
treatment of halothane-sensitive and halothane-nonsen- 
sitive pigs. Am J Vet Res 1992; 53: 613-6. 

18 Desmonts JM, Laxenaire MC, Duvaldestin P. 
L'hyperthermie maligne li& ~ l'anesth&ie. In: Bernard 
C (Ed.). Journ&s de Rfianimation de l'H6pital. Paris: 
Arnette, 1978: 131-43. 

19 Fletcher JE, Huggins FJ, Davidson L, Conti PA, 
Rosenberg H. Positive in vitro halothane contracture 
test in pigs exhibiting nonrigid malignant hyperthermia 
(MH). Anesthesiology 1990; 73: A206. 

20 Gronert GA, Milde JI-I, Taylor SR. Porcine muscle 
responses to carbachol ~- and t~ -adrenoceptor ago- 
nists, halothane or hyperthermia. J Physiol (Lond) 
1980; 307: 319-53. 

21 Jenden DJ~ Fairhurst AS. The pharmacology of 
Ryanodine. Pharmacol Rev 1969; 21: 1-19. 

22 Britt BA, Kalow W. Malignant hyperthermia: aetiology 
unknown. Can Anaesth Soc J 1970; s17: 316-30. 

23 Iaizzo PA, Kehler CH, Zink RS, Belani KG, Sessler DI. 
Thermal response in acute porcine malignant hyper- 
thermia. Anesth Analg 1996; 82: 782-9. 

24 Berman MC, Harison GG, BuU AB, Kench JE. Changes 
underlying halothane-induced malignant hyperpyre~a 
in Landrace pigs. Nature 1970; 225: 653-5. 

25 Muccani RM, Wedel DJ, Hofer RE. Norepinephrine 
does not potentiate porcine malignant hyperthermia. 
Anesth Analg 1996; 82: 790-5. 

26 Williams CH, Buzello W, Dozier SE, Chandra P. 
Hemodynamics, cardiac function, oxygen use mad cate- 
cholamines during porcine malignant hyperthermia. 
(Abstract) Anesth Analg 1985; 64: 300. 

27 Williams CH, Stubbs DH, Payne CG, Benedict JD. Role 
of hypertension in fulminant hyperthermia-stress syn- 
drome. BMJ 1976; 1: 628. 

28 H8ggendal J, Jo'nsson L, Johansson G, BjurstrO'm S, 
Carlsten J. Disordered catecholamine release in pigs 
susceptible to malignant hyperthermia. Pharmacol 
Toxicol 1988; 63: 257-61. 

29 Argov Z, Nioka S, Eleff S, Chance B. Effects ofintra- 
arterial epinephrine on energy metabolism in exercising 
rabbit gastrocnemius muscle, studied by in vivo phos- 
phorus nuclear magnetic resonance. J Pharmacol Exp 
Ther 1991; 259: 458-63. 

Acknowledgments 
This work was supported by grants from AFM 
(Association Franqaise contre les Myopathies), CNRS 
(Centre National de la Recherche Scientifique), MRT 
(Minist~re de la Recherche et de la Technologie) and 
INRA (Insti tut  National de la Recherche 
Agronomique).  The authors are indebted to Eric 
Fontanarava for his expert technical assistance. 


